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DENİM KUMAŞLARDA FİZİKSEL PERFORMANS VE KONFOR 
ÖZELLİKLERİNİN KIYASLANMASI 
ÖZET 
Giyinme alışkanlıkları ve tekstil endüstrisi medeniyetin gelişimine ve yeryüzünün 
yaşama koşullarına bağlı olarak olarak sürekli bir dönüşüm içerisinde olmuştur. 
Farklı toplumların yaşadığı coğrafyaların iklimsel özellikleri ve bu toplumların 
kültürel davranışları tekstil kullanım alışkanlıklarıyla birklikte kullandıkları tekstil 
ürünlerinin işlevsel özelliklerini de zamanla etkilemiştir.  
Tekstil ürünlerinin ve kullanım alanlarının farklılaştığı yakın dönemde özellikle 
kumaş bazlı gelişmeler ürünlerin kalite ve konfor özelliklerinde önemli değişimleri 
sağlamıştır. Zamanla tekstil ürünlerindeki fonksiyonel gelişmeler ve kalite 
özelliklerinin iyileştirilmesi kullanıcı beklentilerini de arttırmıştır. 
Degişen kullanıcı beklentileri neticesinde giysilerin konfor özellikleri ön plana 
çıkmaktadir. Konfor ozelliklerinin bircok farkli urun grubunda oldugu gibi denim 
kumas urunlerinde de gelistirilmeye calisilmaktadir. Bu çalışmada pamuk ve pamuk 
karışımlı çeşitli denim kumaşlarının fiziksel perfomansını ve konfor ozelliklerini 
tayin edecek testler yapılmıştır.  
Konfor psikolojik, fiziksel ve fizyolojik konfor olmak üzere üç kategoriye ayrilabilir. 
Bu çalısmada fizyolojik konfor incelenmiştir. Sıvı transferi, su buharı geçirgenliği, 
hava geçirgenliği ve kuruma davranışları gibi özellikleri araştırılmıştır. Farklı içerikli 
denim kumaşların konfor özellikleri irdelenirken farklı parametreler de dikkate 
alınarak kalite özelliklerindeki kayıp ve değişimler tespit edilmiştir. 
Pamuklu ve pamuk karışımlı denim kumaşlarda apreli rijit oluşu, yıkanmış oluşu, 
kumaş kalınlığı, kumaş yoğunluğu, iplik numarası ve lif içeriği gibi parametrelerin 
kumaş konforuna ne kadar etki ettiğini, bu etkiyle birlikte kumaşların fiziksel 
performansında ne gibi değişiklikler yarattığı incelenmistir. Bu amaçla yapılan bu 
çalışmada pamuk, pamuk-polyester ve pamuk-elastan karışımlı kumaşlar 
kullanılmıştır. 
Belirlenen kumaşlar yıkama oncesi numune grubu ve yıkanmış numune grubu olarak 
hazırlanmıştır. Hazırlanan numunelere konfor özelliklerinin belirlenmesi için su 
buharı geçirgenliği, hava gecirgenliği, sıvı transferi, kuruma hızı ve temas açısı 
ölçümleri; fiziksel performansını tespit amaçlı olarak kopma mukavemeti, yırtılma 
mukavemeti, aşınma dayanımı ve boyutsal degişim testleri yapılmıştır. Konfor 
testlerinin yanısıra yapılan fiziksel performansı ölçmeye yönelik fiziksel kalite 
testleri tez konusu olan denim kumaşların kullanım özellikleri ve dayanıklılıkları ile 
ilgili fikir vermiştir. 
  xx 
Yapılan deneylerde lif içeriğinin konfor ve kalite özellikleri üzerine etkilerinin 
karşılaştırılabilmesi adına yüzde yüz pamuk, pamuk-polyester ve pamuk-elastan 
karışımlı kumaşlar kullanılmıştır. Deneyler neticesinde elyaf iceriğinin denim kumaş 
konfor özelliklerine etkisinin oldugu görülmüştür. Numunelerin su buharı geçirgenlik 
oranları lif iceriği karışımının artışından pozitif yönde etkilenmiştir, pamuk-polyester 
ve pamuk-elastan karışımlı kumaşların su buharı geçirgenlik değerleri yüzde yüz 
pamuk içerikli kumaşlara göre daha iyidir.  
Kumaşlara uygulanan farklı oranlardaki apreler de yapılan kalite ve konfor 
testlerinden elde edilen değerlere etki etmiştir. Yoğun apre uygulanmış kumaşların su 
buharı geçirgenlik davranışı daha az apre uygulanmış kumaşlara oranla daha düşük 
değerlerle karşımıza çıkmaktadır.  
Kumaşların ıslanma davranışlarındaki farklılıkların lif karışım oranından, iplik 
numara farklılıklarından, numunenin yıkanmış veya yıkanmamış oluşundan 
etkilendiği tespit edilmiştir. Özellikle rijit kumaşların dikey ve transfer kılcal ıslanma 
değerleri yıkanmış kumaşların dikey ve transfer kılcal ıslanma değerlerine göre daha 
düşük çıkmıştır.Pamuk-polyester karışımlı ve pamuk-elastan karışımlı kumaşların 
pamuklu kumaşlara göre daha iyi su buharı geçirgenliğinin yanısıra daha iyi kuruma 
davranışı sergilediği görülmüştür. 
İplik numara farklılıklarını dikkate aldığımızda pamuklu kumaşların test sonuçları 
arasında değerlendirme yaparak iplik numarasındaki değişimin kalite ve konfor 
özelliklerine etkileri görülebilmiştir. Yüzde yüz pamuklu kumaşlar arasında iplik 
numarası kalın olan kumaşların daha iyi su buharı geçirgenliği ve daha iyi kuruma 
davranışı sergiledikleri görülmüştür. Bu sonuç denim kumaşlarda kalın iplik 
kullanımının kumaşlarda su buharı ve sıvı iletimine olumlu yönde etkide bulunarak 
konfor özelliklerinin iyileştirilmesi açısından dikkate alınması egereken bir değişken 
olduğunu gözler önüne sermiştir.  
Hava geçirgenliği testi farklı karışımlardaki bu denim kumaşlara uygulanmıştır. 
Diğer konfor testlerinden elde ettiğimiz sonuçlarla karşılaştırdığımızda hava 
geçirgenliği testi sonuçları açısından bu kumaşlar arasinda onemli bir fark 
bulunamamıştır.  
Temas açısı testlerinin sonuçlarında özellikle göze çarpan karışım kumaşlarının 
temas açısı değerlerinin daha düşük çıkmasıdır. Islanma davranışıyla ilgili değerlerin 
daha iyi olduğu kumaşlarda temas açısı değerleri daha düşük çıkmştır. Transfer kılcal 
ıslanma, dikey kılcal ıslanma değerleri  gibi kumaşın ıslanma karakteristiği ile ilgili 
ölçümler sonucunda daha iyi değerler ile aynı numunelerden elde edilen temas açısı 
ölçümleriyle elde edilen değerlerle karşılaştırıldığında ters orantı göze çarpmaktadır.  
Yoğun apreli kumaşların  kılcal ıslanma ölçümlerinden elde edilen sonuçları daha 
kötü bir eğilim gösterirken aynı numunelerin temas açısı ölçümleri sonucu göstermiş 
olduğu değerler daha az yoğunlukta apre yapılmış diğer numunelerden elde edilen 
temas açısı ölçümlerine göre daha iyi bir eğilim göstermektedir. Temas açısı ile 
ıslanma davranışını ölçen bu testler arasındaki bu orantıdan faydalanarak çalışmada 
kullanılan kumaşların su geçirgenlik özellikleri hakkında elde edilen verilier tekrar 
kontrol edilip değerlendirildi. 
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Kumaşların konfor özelliklerinin yanısıra fiziksel performanslarını değerlendirmek 
üzere fiziksel kalite testleri yapılmıştır. Konfor özellikleri ölçülen ve fiziksel kalite 
testleri yapılan pamuk-polyester ve pamuk-elastan karışımlı kumaşların kopma 
mukavemeti, yırtılma mukavemeti ve aşınma değerleri açısından iyi sonuçlar verdiği 
görülmüştür. Ayrıca rijid ve yıkanmış kumaşların mukavemet testleri ile ilgili 
sonuçları karşılaştırdığımızda yıkama sonrası kumaşların konfor değerlerinde genel 
bir iyileşme görülürken mukavemet değerlerinde düşüş gerçekleştiği görülmektedir.  
Pamuk-polyester ve pamuk-elastan karışımlı kumaşların aşınma dayanımı testi 
sonucları yüzde yüz pamuk kumaşların sonuçlarına göre daha iyi değerlerde 
çıkmıştır. Bu noktada iyi su buharı iletimi, sıvı taşınımı ve kuruma davranışı gibi 
konfor değerlerini yakalamaya çalışırken aşınma dayanımı gibi kalite özelliklerini de 
göz ardı etmemiz gerektiği tekrar ortaya çıkmıştır.  
Denim kumaşlar genel olarak fiziksel performans açısından ideal kumaşlar olmasına 
rağmen çok çesitli apre uygulamaları ve yıkama işlemleriyle yapısal özelliklerinde ve 
fiziksel dayanımlarında kayıplara uğrayabilmektedir.                                                                                                                                 
Bu çalışmada kullandığımız farklı lif içerikleri, iplik numaraları, gramaj ve kumaş 
kalınlıklarına sahip çeşitli denim kumaşlar yıkama gibi değişen parametrelere bağlı 
olarak konfor özelliklerinde farklılıklar göstermiştir. 
Konfor özelliklerinin yanısıra fiziksel performans ölçümleri yapılan bütün 
kumaşların değişen parametrelerle birlikte özellikle kopma mukavemeti, yırtılma 
mukavemeti ve aşınma dayanımı gibi test değerleri farklılık gösterse de bu çalışmada 
kullanılan bütün kumaşların yeterli fiziksel performansa sahip olduğu görülmüştür.  
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THE EVALUATION OF PHYSICAL AND COMFORT PERFORMANCE OF 
VARIOUS DENIM CLOTHS 
SUMMARY 
With increasing of customer expectations comfort properties of textile products get 
important. It is seen that comfort properties of denim fabrics are tried to be 
developed. In this study some tests, evaluating the physical performance and comfort 
properties of various cotton and cotton blends based denim fabrics, have been done. 
Comfort can be categorized as psychological, physical and physiological comfort. In 
this study physiological comfort was investigated. Liquid transfer, water vapor 
permeability, air permeability and drying behaviours were searched. 
The effect of various parameters like rigidity because of finishes, washing status, 
fabrics thickness, yarn count and fiber composition over fabrics comfort and physical 
performance were investigated. In this study which is done to obtain some datas 
about this effect cotton, cotton-polyester and cotton-elastane fabrics were used. 
The fabrics were categorized as rigid fabrics and washed fabrics. In order to evaluate 
comfort properties water vapor transfer, air permeability,water wickability, drying 
and contact angle evaluations have been done. For investigating physical 
performance tensile strength, tearing strength,abrasion and dimensional stability tests 
have been done. 
As a result of tests fiber composition is effective on comfort properties denim 
fabrics. The water vapor transfer values of cotton blends samples are better than 
cotton samples. On the other hand denser fabrics finishes cause lower water vapor 
transfer values. The wettability of samples were effected from fiber composition rate, 
yarn count difference and washing status. 
Cotton-polyester based fabrics and cotton-elastane based fabrics have better water 
vapor permeability and drying behaviour than cotton based fabrics. On the other 
hand cotton based fabrics with coarser yarn counts have better water vapor 
permeability and drying behaviour than cotton based fabrics with finer yarn counts. 
Regarding air permeability values there is not significant difference among these 
fabrics.  
The tensile strength, tearing strength and abrasion resistance of cotton-polyester 
based fabrics and cotton-elastane based fabrics are better but in general all samples 
have enough physical performance. 
  xxiv 
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 1 
1.  INTRODUCTION 
Modern consumers are interested in clothing as it has not only asthetic appearance 
but also provides great feeling. Clothing is in direct contact with human body and 
interacts with the skin during use. The interaction between clothing and human body 
stimulate sensorial properties which lead to perception of either comfort or 
discomfort. 
Comfort and convenience are very important for the selection of garments and style 
of construction is the thing customers try to find which means high quality of 
garments to the customer. The most influential role in the development of textile 
materials belongs to customers and increasing significance of consumer’s perception 
of comfort forces apparel producers to have continuous innovations and 
improvement of their products. At this point the moisture management properties of 
clothings have much importance as the subject of clothing comfort. 
Denim apparel has an important role in fashion industry. Denim jeans are prefered by 
most people all over the world thanked to its durability and slightly worn look for 
fashionable appearance. The value of denim products are related to comfort and 
physical propeties of the fabrics as well as the various washing effects. In the 
changing climate conditions and the living conditions people requires innovated 
products.  
As a result, people prefer wearing more comfortable denim garments in their life. 
Denim products, keeping their critical position as a major ready-made product in 
whole range, started to be produced with higher comfort and physical properties. The 
denim garments which have improved cotton denim fabrics consist of higher 
moisture management. As an important marketing strategy the denim brands 
highlight their functional values like comfort properties that enable consumers to feel 
better while using their products. 
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1.1 Purpose of Thesis 
The aim of this study is to have its position in the literature by investigating comfort 
properties of various denim fabrics and keeping an eye on their physical 
performance. Therefore, it is significant to make a research on the factors influencing 
comfort properties of cotton and cotton blends based denim fabrics. An experimental 
study was conducted to reach this objective and it has been aimed to have 
informative and explanatory results on the subject. 
1.2 Literature Review 
It is seen that there are different methods to evaluate the comfort like there are 
various explanation of comfort. These methods can be categorized sensorial 
comments of people and measurable values of comfort evaluations. Some researchers 
like Pharsarn [1] support that comfort is a property that can be related to human 
sense and people should be used to decide and define the comfort properties. On the 
other hand people who are a part of these scientific researhings may explain their 
sense wrongly. Also there may be any possible factor that may effect feeling 
participants. Besides these disadvantages this method is expensive and requires long 
time.  
The evaluation method depending on measurement of moisture, water vapor, air and 
thermal permeability is more useful and confident. Since it requires the inspection of 
fabric properties in the labrotary conditions and gives measurable values, its results 
are convenient to control. Even there are evaluation methods mentioned above 
comfort is not a property that can be defined with only laboratory test results so it is  
ideal to evaluate mostly the comfort properties of fabrics as a support to comfort 
researchings. 
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2.  DENIM FABRIC WEAVING TECHNOLOGY 
The warp yarn (length-wise) used in denim fabrics is uniquely prepared for denim 
manufacturing compared to conventional woven fabrics. The yarn goes through 
numerous processing steps before it is placed on the weaving machine. Unlike the 
warp yarn, most filling yarn (width-wise) is put onto yarn packages and delivered 
directly to the weaving machine where it is inserted into the fabric without any 
further preparation in the same manner as conventional woven fabrics. The following 
flow chart reveals the necessary steps in the manufacture of denim fabrics, beginning 
with the production of the warp yarns used. The chart forms an outline for most of 
the topics that will be covered in denim section of this study. 
 
Figure 2.1: Process flow of warp yarn in denim manifacturing 
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2.1 Warp Preparation 
The warping process is the most significant step of denim fabric production. Warping 
is the process of transferring multiple yarns from individual yarn packages onto a 
single package assembly. Individual strands of warp yarn (the length-wise yarn in a 
fabric) are removed from yarn packages prior to being gathered into a rope form 
suitable for dyeing in warping process. Individual strands are gathered into rope form 
and wound onto a log, thus forming a ball warp.  
Two rope-dye ranges are able to produce pure indigo, sulfur top, sulfur bottom, and 
colored denim yarn. The yarn goes through scour/sulfur dye, wash boxes, indigo dye 
vats, over a skying device (to allow oxidation to occur), through additional wash 
boxes, over drying cans and then is coiled into tubs which are transferred to the long 
chain beaming process. 
In the long chain beaming process the dyed yarn is separated into individual strands, 
these strands are paralleled and finally these strands are wound onto a large section 
beam in preparation for slashing. The slashing process takes section beams, coats the 
yarn with a starch/wax solution, and winds the yarn onto a loom beam [2].   
Normally, yarns are collected in a sheet form where the yarns lie parallel to each 
other onto a beam, which is a cylindrical barrel with side flanges. This is beam 
warping and it is shown in Figure 2.2. If the yarns are brought together and 
condensed into a rope before being wound onto a relatively short cylindrical barrel 
(sometimes called the shell or log) that has no end flanges this is ball warping and it 
is shown again in Figure 2.2. In both cases, the supply yarn packages are placed on 
spindles, which are located in a framework called a creel.  
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Figure 2.2: Warping systems 
2.1.1 Beam warping 
In the beam warping process the yarns are in an open sheet form and they are wound 
parallel to each other onto a slightly wider flanged beam. These yarns won’t go 
through the rope indigo dye range, but are left “natural” and will end up either 
slasher dyed or in an un-dyed fabric, which can later be piece dyed, or left natural. 
Another option would be to beam dye the yarns using a dye other than indigo. 
 2.1.2 Ball warping 
In ball warping (Figure 2.3), 250 to 400 yarn ends are pulled from the creel. The 
yarns then pass through reed (a comb-like device), which keeps each warp yarn 
separate and parallel to its neighboring ends. At intervals of every 1000 or 2000 
meters, a lease string is placed across the sheet of warp yarns. This aids yarn 
separation for the re-beaming operation, which will occur later. The yarns then go 
through a tunnel-shaped device (sometimes called a trumpet or condenser), which 
collapses and condenses the sheet of yarn into rope form. The condenser located at 
the base of the warper head traverses back and forth, guiding the newly formed rope 
of yarn onto a log. The rope must be wound at a constant tension to keep the yarns 
from tangling. 
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Figure 2.3: Ball warping 
2.1.2.1 Rope dying 
Most of denim fabrics are yarn-dyed fabrics with the warp yarns dyed with indigo 
dye and the filling yarns left undyed. There are a number of modifications or 
alternatives in the dyeing process that are routinely used to change the overall look or 
performance of the fabric. The consistencies of the indigo dyeing process and its 
modifications have become crucially important in determining the quality and 
performance of indigo denim products with the advent of denim garment washing 
techniques. 
The properties of the indigo dye account for the wide variety of color designs 
especially for denim materials. Indigo has a very low affinity for the cotton fiber and 
this makes indigo unique for textile materials. Because of the low substantivity of the 
indigo, the ball warp dyeing process ring dyes cotton. Unlike almost all other 
commercially successful dyestuffs, the indigo dye concentrates in the outer layers of 
the cotton yarn and fiber. This produces an intense ring of color around a white core 
in the cotton yarn and the cotton fiber thus the name ring dyeing. Regarding most of 
other dyes, if the ring-dyeing effect occurs, it would be considered a dyeing defect. 
Indigo dye in its normal form is insoluble in water, and it will not dye cotton fiber. In 
order to dye cotton, the indigo must be converted to a water-soluble “leuco” form 
and then applied to the cotton. This process is known as chemical reduction. 
Reducing agents such as sodium hydrosulfite with sodium hydroxide chemically 
convert the indigo dye to leuco form. The leuco form of dye is very pale greenish 
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yellow color unlike the blue insoluable form. The leuco form of indigo is readily 
absorbed by the outer layers of the cotton yarn. Once in the fiber/yarn, the indigo is 
made insoluble by oxidizing the yarn by passing the yarn through the air (skying) [3]. 
The oxygen in air converts the dye back to its original blue and insoluble form. Thus 
the dye becomes trapped inside the outer layers of the cotton yarn. This results only 
light blue dyed yarn because only a small percent of dye is being deposited outer 
surface of yarn. In order to obtain deep blue indigo dyed yarns, the dye is layered by 
using multiple passes of the rope of yarn into the soluble dye and then exposing it to 
the air for oxidation. This multiple passing (normally 3-12 times) of yarn into dye is 
called dips. The number of dips is limited to the number of dye boxes on the dye 
range. If the concentration of indigo dye in the dye boxes is doubled, this will result 
in slightly darker denim. This acts as a multiplier when labeling the denim. For 
instance a triple concentration of dye in nine dye boxes makes it an 27-dip denim. 
For darker shades a sulfur black or blue dye can be applied before indigo dyeing. 
This application is known as a sulfur bottom an if the sulfur dye is applied after the 
yarn has been indigo dyed, it is known as a sulfur top.  
 
Figure 2.4: Indigo dye range 
 
In rope dyeing, typically 12-36 individual ball ropes of yarn are fed side-by-side 
simultaneously into the rope or chain-dyeing range for application of the indigo 
dyeing. The ropes are kept separate from each other throughout the various parts of 
the dye range. For example, if the total number of ends on the loom beam is 3456, 
and each ball would have 288 ends, then the dye set would have a total of 12 ball 
warps.  
The ropes are first fed into one or more scouring baths, which consist of wetting 
agents detergents and caustic. By feeding the ropes into these baths naturally 
occurring impurities found on the cotton fiber such as dirt, minerals, ash etc are 
removed. It is important to remove these materials to guarantee uniform wetting and 
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uniform dyeing. The ropes are subsequently fed into one or more water rinsing baths.        
After either rinsing following indigo dyeing or rinsing following sulfur topping, the 
yarn ropes pass through squeeze rolls to mechanically extract water. The yarns are 
then dried and coiled into large tubs. The typical type of drying apparatus is a 
multiple stack of Teflon® covered drying cans filled with steam under pressure. 
Maintaining a consistent pressure of steam within the cylinder can accurately control 
the temperature of the surface of each cylinder. Care must be taken not to attempt to 
dry the rope of yarn too quickly, which causes the dye to migrate to the surface of the 
rope. Additionally, over-drying of the yarns will weaken them adversely affecting re-
beaming, slashing, and weaving. 
After drying, the color of the yarn is checked either visually or with instruments, 
which are electronically linked to the controls of the indigo dye baths. This type of 
control systems can automatically adjust the dynamics of the process to obtain the 
most consistent color of yarn contained within a single dye lot. 
2.1.2.2 Re-beaming 
It is then necessary to change the yarn alignment from a rope form to a sheet form 
after the rope dying to enter the next process, which is slashing or sizing. Beaming or 
re-beaming (Figure 2.5) involves pulling the ropes of yarn out of storage tubs and 
moving them upward to a guiding device (satellite). This upward travel allows the 
ropes to untangle before nearing the beamer head. When the ropes come down from 
the guiding device, they go through tensioning rollers to help further the separation 
of the ropes before going through a comb at the warper, which separates individual 
yarn ends parallel to one another. From the comb, the warp yarns are guided onto a 
flanged section beam. Multiple warp section beams are made forming a set of beams 
(each set normally contains 8 to 14 section beams), which will be no crossed, lost, or 
tangled yarn supply for the slashing operation. The total number of yarns on all the 
beams in the set should meet specifications for the given fabric to be woven.  
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Figure 2.5: Rope dyed yarn being re-beamed 
The beams need to be in good condition with smooth inside flanges, to be non-eccentric 
barrels, and to contain no high or low selvages. It is critical that all the yarns wound onto a 
given section beam be under equal tension. This is maintained by using guides, tension 
devices, and stop motion controls. 
2.1.2.3 Sizing (Slashing) 
The purpose of sizing is to improve the strength of yarn by chemically binding the 
fibres with each other and also improve upon its friction resistance capacity by 
chemically coating the surface of yarn/fibres. Further, the multiplication of sheets by 
drawing yarns together from many warp beams and again making one sheet is also 
performed on sizing machine because number of threads in warpers beam sheet is 
very less against number of threads required in whole width of fabric. On sizing, 
normally, 8-12 % size material on warp thread is and frictional resistance 
characteristic of warp yarn is essential because during weaving, yarn has to undergo 
severe strain and stress as well as frictional operations [4]. 
An another siginificant purpose for sizing warp yarns is to encapsulate the yarn with 
a protective coating which reduces yarn abrasion that takes place during the weaving 
operation and reduces yarn hairiness preventing adjacent yarns from entangling with 
one another at the weaving machine. Also, this protective coating keeps the indigo 
dye from rubbing off during the weaving process. In order to size indigo warps many 
times the type and quantity of size used are determined by the subsequent fabric and 
garment finishing operations that follow. 
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At the back end of the slasher range, the section beams from the beaming process are 
creeled (Figure 2.6). The yarns from each beam will be pulled over and combined 
with the yarns from the other beams to form multiple sheets of yarns, the number of 
sheets corresponding to the number of size boxes (size applicators) on the machine. 
                   
Figure 2.6: Slasher creel 
As each yarn sheet enters a size box (Figure 2.7), the yarns are guided downward and 
submerged in the liquid size. The yarn sheet leaves the size box via a set of squeeze 
rolls that helps control the wet pick-up. After this, the yarns are pulled over steam- 
heated, Teflon® coated cylinders where drying takes place. At this point, the yarns 
are monitored to maintain from 6-8% moisture typically. Most warp yarns for 
weaving denim have 7-14% size add-on (actual dry solids weight added to the 
original weight of the yarn). This depends on what type of spinning system is used. 
Too much size causes yarn chaffing and excessive shedding of size particles at the 
weaving machine, and too little size causes excessive yarn abrasion resulting in dye 
streaks, clinging, broken and entangled ends. In many denim styles, the size is left on 
the fabric and acts as a stiffening agent for cut-and-sew operations. This accounts for 
the stiffness of certain jeans, which are purchased by the consumer. 
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Figure 2.7: Size box 
All the yarns go through a set of stainless steel split rods, which help to separate 
them into individual sheets, equivalent to the number of section beams in the creel. 
After passing through the split rods, the warp yarns are collected into one single 
sheet and passed through a comb, which helps to separate individual yarns.          
This expansion type of comb is adjusted to the desired loom beam width. At this 
point, all the warp yarns are wound onto the loom beam (Figure 2.8). Normally, 
several loom beams will be produced from a single set of section beams in the 
slasher creel. 
 
Figure 2.8: Slasher loom beam at head-end 
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2.1.2.4 Drawing in and tying in of warp yarns 
It is necessary to draw (thread or insert) the warp yarns through stop motion devices 
(dropwires), weave design control devices (harnesses and heddles), and filling “beat-
up” devices (reed) as in Figure 2.9 when a new denim style is put on a weaving 
machine. Each end of yarn must have its own individual element and this procedure 
can be done manually or automatically on drawing-in machines. If same style is 
being produced and if the current loom beam is nearly empty of yarn, an identical 
full beam of yarn can be tied to the yarns of the old beam. This is done by a tying-in 
machine, which automatically selects an end of yarn from the old beam and ties it to 
the appropriate end on the new beam. The knots are then pulled through the weaving 
machine before fabric is put into production. It is well documented that many loom 
stops are caused by improper tying-in of the warp yarns. 
 
Figure 2.9: Warp drawing-in 
 
2.2 Weaving Process 
2.2.1 Weaving 
Weaving is interlacing two sets of yarn and making fabric. One set is called warp 
thread which is in sheet form, the other one is called weft thread which is inserted 
between two layers of warp sheet by means of a suitable carrier i.e. Shuttle, 
Projectile, Rapier, Air current, Water current, etc. Depending upon the type of the 
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weaving machines there are different types of technologies available for weaving 
machines are shown below: 
 Conventional Shuttle Weaving System by Ordinary Looms or Automatic 
Looms. 
 Shuttleless Weaving System by Airjet /Waterjet/Rapier/Projectile 
Shuttle loom is a conventional technology with much less production on account of 
slow speed and excessive wear and tear of machinery. Denim is woven through 
shuttleless weaving system by using 96 ZAX-e Type Tsodakoma Corporation’s 
Airjet looms or rapier looms or projectile looms.  
Airjet looms adopt the latest development in weaving technology where weft 
insertion is done with the help of compressed air. A very high weft insertion rate up 
to 1800 metre per minute is achieved. Compared to rapier and projectile looms, these 
looms are less versatile but are economical and are used in mass textile production 
unit like denim. 
2.2.1.1 Structure of denim fabrics 
Denim fabrics are woven by interlacing two sets of yarns (Figure 2.10) perpendicular 
to one another in fabric form. The warp yarns in the machine direction and they are 
interlaced with weft yarns(fillings or picks). The sequence or order of interlacing the 
two sets of yarns can be varied to produce many different weave designs. The 
finished fabric construction is determined by the number of warp and filling yarns 
per square inch or centimeter. For example, a typical construction for bottom weight 
denim may be 62 x 38. This is interpreted as 62 warp yarns per inch of width and 38 
filling yarns per inch of length and always in that order. This thread count along with 
the yarn counts used will influence fabric properties such as weight, fabric tightness, 
cover, drape, hand, tensile strength, tear strength, and other fabric properties.  
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Figure 2.10: Woven fabric structure 
2.2.1.2 Typical denim constructions, weaves and weights 
The typical construction of a bottom weight 14-15 ounce denim is 60-64 warp yarns 
per inch and 38-42 filling yarns per inch. The weight is influenced by the size of the 
yarn used, the fabric weave design, and the fabric tightness. Other denim fabrics may 
vary in construction from 52 to 70 warp yarns per inch and from 36 to 52 picks per 
inch. As a rule, denim is woven as 3/1 twill, 2/1 twill, 3/1 broken twill, or 2/2 broken 
twill. The weights of these finished fabrics can vary between 3.5 and 16.5 ounces per 
square yard. The weight of the fabric usually determines what the final garment 
application will be: 
3.5-8.0 ounces per square yard – blouses, tops, shirts, and top of bed fabrics 
8.0-16.5 ounces per square yard – trousers, jeans, jackets, and upholstery 
Numerical notations (3/1) for different denim designs, denote what each warp yarn is 
doing relative to the filling yarns that it is interlacing with. Regarding 3/1 each warp 
yarn is going “over” three picks and then “under” one pick. This would be verbally 
stated as “3 by 1” twill or “3 by 1” denim. At the next end, moving to the right, the 
same sequence is repeated but advanced up one pick and this advancing upward 
gives the characteristic twill line. In this case, the twill line is rising to the right, and 
the fabric is classified as a right-hand twill weave. If the twill line is made to rise to 
the left, then the design is left-hand twill. Broken twills are designed by breaking up 
the twill line at different intervals thus keeping it from being in a straight line [4].  
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2.2.2 Finishing 
The cloth is brushed and singed by finishing range prior to the cloth entering a 
finishing solution. The cloth is then pulled to the proper width, skewed, dried and 
rolled for the compressive shrinkage process. In this process the amount of shrinkage 
in the warp or lengthwise direction that a finished garment will have after laundering 
are reduced. As the cloth enters the machine, it is moistened with water and then fed 
between a thick rubber belt and a heated steel cylinder where approximately 14 
percent shrinkage in the warp yarn takes place. After drying, the cloth is rolled onto a 
frame. 
2.2.3 Quality control  
In most quality control systems every yard or meter of cloth must pass rigid 
inspection standards. The Elbit Vision System (EVS) uses cameras to inspect denim 
for defects. An inspection process utilizes an I-Tex 200 EVS model, an automatic 
fabric inspection system, that evaluates the quality of the denim by identifying 
visible defects that result during spinning, weaving, dyeing and finishing. This 
system can detect defects as small as 0.5 mm on fabric up to 68 inches wide at 
speeds up to 42 yards per minute. As denim is fed through the system, three cameras 
photograph the back of the fabric, and four cameras photograph the front continually 
and save only the frames containing identified defects. They also log all pertinent 
information such as lot number and the exact location of the defect on the fabric. 
This information then is fed to the cutting tables where computers help locate the 
defect. This high-tech system increases fabric inspection efficiency and reduces 
garment seconds. At the 3/1 process, the cloth is measured and cut into rolls of 
proper quality and size. Each roll is carefully weighed to ensure correct weight and 
yardage per roll. 
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3.  COMFORT PROPERTIES OF TEXTILE MATERIALS                                                                                                                       
3.1 Comfort 
Clothing comfort is a significant phenomenon and has drawn the attention of many 
textile researchers. Consumers desire garments that enable them to be comfortable 
and feel good in, whatever the activity they happen to be engaged upon. They want 
their clothing to be natural, comfortable and easy care and demand more information 
about the product they buy. Clothing and textile products which are essential 
materials to be used everyday to obtain physiological and psychological comfort 
have to ensure physical conditions around human body suitable for survival [5]. 
Comfort can be classified into three groups namely physiological, psychological and 
thermal comfort. Psychological is mainly about the garment style proper fit and 
fashion mostly no related the fabric properties. Physiological is the feel of the user 
when the fabric touched the human body. Further, the psychological and 
physiological states have the aspects of thermophysiological comfort which 
expresses a comfortable thermal and wetness state, sensorial comfort that 
corresponds neural sensations when a textile comes into contact with skin, body 
movement comfort which incorporates ability of a textile to allow freedom of 
movement and body shaping and aesthetic appeal that contributes to overall well-
being of the wearer [6]. 
Thermophysiological wear comfort concerns the heat and moisture transport 
properties of clothing and skin sensorial wear comfort concerns the mechanical 
contact of the fabric with the skin and its lack of prickle, irritation and cling when 
damp, in other words how a fabric or garment feels when it is worn next to skin. 
Tickle which is because of fabric hairiness, prickle caused by coarse and therefore 
stiff fibers protruding from fabric surface, wet cling that is associated with damp and 
sticky sweat residues on skin, and warmth to touch are some of the separate factors 
of sensorial comfort [6]. 
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It is significant to find an effective way to identify the target consumers’ specific 
requirements, and link them with the technical attributes of products and the 
knowledge and methodology used in clothing comfort researches are the vital tools 
to achieve this objective [5]. Clothing comfort incorporating aspects of clothing 
design and fabric comfort properties where we have fabric design and construction 
parameters to observe the perception of comfort is closely related with human 
physiology. Due to the interaction with external environment physiological system of 
the body generates heat transfer by conduction, convection and radiation, moisture 
transfer by diffusion, sorption, wicking and evaporation and mechanical interactions 
in the form of pressure, friction and dynamic irregular contact [5]. However many 
experimental researches have been made to evaluate the feeling of comfort by 
learning the experiences during trials, it is better to have also measurements in 
numerical units and analyze the results of the tests related with the properties which 
finally compose the comfort feeling. The testing systems and various methods have 
been designed to investigate the factors effecting clothing comfort in normal wear 
conditions. In the following parts of this study, it is mainly focused on the 
physiological comfort and the content of the survey maintains the mechanisms of 
moisture vapor transport, wicking and drying of textile fabrics. 
3.1.1 Moisture vapor transmission 
Water vapor transmission rate is defined as the steady water vapor flow in unit time 
through unit area of a body, normal to specific parallel surfaces, under specific 
conditions of temperature and humidity at each surface [7]. 
Thermophysiological arrangements regularly done by human body itself produce 
sweat and water vapor from skin pores. The water vapor molecules comes from body 
diffuse through clothing toward lower pressure in the surrounding environment. 
Moisture vapor is transferred through fabrics in several ways: Diffusion through air 
in fabric voids, diffusion through fibers, and by transfer of absorbed water molecules 
along fiber surfaces [1]. 
Perspiration, as an important mechanism, is used by human body to lose heat when 
the body temperature starts to raise, so with a fabric of low moisture vapor 
permeability sufficient perspiration is not able to be passed which leads to sweat 
accumulation in the clothing, hence discomfort [6]. 
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3.1.1.1 Moisture vapor transmission in steady state  
The water vapor transport in steady state through fabrics occurs via diffusion 
processes. The steady state moisture vapor resistance of fabrics depends on fabric 
geometry, specifically fabric thickness and porosity. Fabric thickness should be taken 
into consideration when evaluating moisture transport since it affects the path length 
through which water molecules diffuse through the fabric, so thicker fabrics are 
expected to have higher resistance to water vapor transfer [1]. 
Long [29] investigated water transfer properties of two-layer weft knitted fabrics and 
reported that whether hydrophobic or hydrophilic fiber material is used, the fiber 
nature has no apparent effect on water vapor permeability rates of the fabrics studied 
which have various fiber compositions, 100% cotton, cotton-polypropylene, cotton- 
polyester, cotton-polyacrylonitrile, wool-polyacrylonitrile-polyamide-polypropylene 
and wool-polyacrylonitrile-polyamide-polyester.   
3.1.1.2 Moisture vapor transmission in transient state 
The steady state measures of moisture vapor transmission in dynamic wear 
conditions are not sufficient to explain moisture management that influences clothing 
comfort. In the transient conditions water vapor transmission, following the onset of 
sensible perspiration, vapor pressure of the microclimate existing between skin and 
the fabric increases and reach equilibrium shown in Figure 3.1. Fabrics containing 
highly absorbent hygroscopic fibers reach equilibrium slowly while fabrics  
containing less hygroscopic fibers due to rapid increase in humidity reach 
equilibrium at a short time. Therefore in addition to fabric geometry, fiber 
hygroscopity should be taken into account as a determinant in water vapor transport 
through fabric in the transient state. After reaching equilibrium water vapor diffuses 
through fabric voids uninfluenced by fiber absorption, reflecting constant vapor 
permeability in the equilibrium state. In the transient state total water vapor transport 
from skin (VT) is a sum of the diffusion or transmission of water molecules through 
air spaces in fabric (Vt) and the moisture vapor absorbed by fibers (Vf) as shown 
below in Figure 3.1 [1]. 
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Figure 3.1: Water transport in transient and equilibrium state 
 
Figure 3.2: Water tapor transfer through fabrics [1] 
Prahsarn [1], using upright cup method, found out that the moisture vapor 
transportation rates through fabrics are directly correlated with the parameters, fabric 
thickness and fabric density. Fukazawa [8] measured the water vapor permeability 
resistance of textiles and investigated water vapor transport at high altitudes with 
combined influence of the temperature and pressure. By simulating altitude of his 
report the effect of temperature on water vapor resistance is small while that of 
pressure is significant. Water vapor resistance decreases with increasing altitude and 
decreased water vapor resistance enhances condensation in clothes which cause 
further discomfort. The resistance of textile decreases with decreasing pressure and 
due to the condensation thermal conductivity of clothes increase. 
3.1.1.3 Moisture vapor transmission rate measurement methods 
The moisture vapor transmission properties of fabrics is very important clothing 
systems intended to be worn during vigorous activity. During the periods of high 
activity human body cools itself by sweat production and evaporation where the 
ability of clothing to remove this moisture in order to maintain comfort and reduce 
 21 
the degradation of thermal caused by moisture build-up is an important factor [6].     
A simple way of measuring moisture vapor transmission through test fabric is using 
upright cup method shown in Figure 3.3. The amount of moisture vapor loss from an 
enclosed dish, with a test fabric on top, is determined over a period of time and used 
to calculate a moisture vapor transmission rate [1]. 
 
Figure 3.3: Upright cup method [1] 
Moisture vapor transmission rate is calculated, in g/m2.hours, for upright cup method 
as below, where G is the mass difference, obtained by the weight change, of the 
liquid in grams, t is the time during which G occurred in hours, and A is the effective 
area of the fabric in m2: 
                                                     MVTR=G/(T.A)                                                (3.1)                                                                                
An another way of measuring moisture vapor transmission is to use sweating 
guarded hot plate as in Figure 3.4. This hot plate is used to measure the heat and 
moisture transport properties of fabrics. In this test the amount of power required to 
maintain a heated plate surface at 35 ºC, when covered with test fabric is measured 
and used to calculate the thermal resistance of the fabric and the evaporative thermal 
resistance of fabric is determined when water is applied through hot plate to 
stimulate evaporating sweat [4]. 
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Figure 3.4: Sweating guarded hot plate [1] 
Another example of the water vapor transmission measurement devices, developed in 
North Carolina State University, is NCSU thermolabo sweating guarded hot plate 
which uses same principle of measurement as sweating guarded hot plate (Figure 
3.5) [4]. 
 
 
Figure 3.5: NCSU Thermolabo sweating guarded hot plate [4] 
The measuring system shown in Figure 3.6 was constructed in the Department of 
Clothing of the Faculty of Engineering and Marketing of Textiles at the Technical 
University of Lodz, Poland. This system consists of a cylindrical chamber proper and 
an external insulation chamber, the task of which is to limit heat exchange between 
the chamber proper and the environment. There is a sweating surface (artificial 
human skin) in the lower part of the chamber proper, and it is being moistened with 
water by means of a capillary system. The magnitude of sweating can be altered by 
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putting special diaphragms over the skin, which can effect the rate of moisture 
evaporation. Directly under the artificial skin there is a source of heat maintaining a 
constant temperature of the sweating surface. The material under investigation is 
placed over the surface of the skin. Temperature and moisture sensors are placed on 
both sides of every package layer. The space over the material under investigation is 
ventilated with the possibility of measuring the air velocity [9]. 
 
Figure 3.6: The apparatus for the assessment of moisture transport through flat 
3.1.2 Wetting and wicking 
For many fibrous assemblies the interaction with liquid is important to their 
manufacturing and finishing processes. Wetting and wicking have a practical 
significance in controlling the quality of the textile processing like dying, finishing 
and clothing comfort during wearing of clothes. In some applications such as active 
sportswear, exercise garments, work clothing and footwear the concept of moisture 
management is utilized to prevent or minimize the collection of liquids on the skin of 
the wearer due to the perspiration which is done by quickly wicking or diffusing the 
liquid through the textile material to the atmosphere [9]. 
3.1.2.1 Wetting 
The displacement of a solid-air interface with a solid-liquid interface can be 
described as wetting term. The wettability, which is the initial behavior of a fabric, 
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yarn or fiber when brought in a contact with a liquid, is the potential of the surface to 
interact with liquids with specified characteristics. Fabric wetting is involving many 
mechanisms including spreading immersion and adhesion and capillary penetration. 
Adhesive forces (intermolecular forces between different molecules) are responsible 
for wetting and capillary phenomena. For instance if the adhesive forces between a 
liquid and a glass tube inner surface are larger than the cohesive forces within the 
liquid, the liquid will rise upwards along the glass tube. A liquid that will move in a 
fibrous medium must firstly wet the fiber surfaces before being transported through 
the interfiber pores by means of capillary action [4,11,12]. 
3.1.2.2 Wicking 
The wicking term is a spontaneous transport of a liquid driven into porous system by 
capillary forces. The wicking is the result of spontaneous wetting in capillary system 
because capillary forces are caused by wetting,  In the simplest case of wicking in a 
single capillary tube a meniscus is formed (Figure 3.7) [13].  
                                                              
Figure 3.7: Wicking in a capillary [13] 
For a capillary with a circular cross section, the radius of the curved interface, where 
r is capillary radius, is as given in Equation 3.2 [13]:   
R=r/Cos                                                     (3.2) 
The wicking rate is dependent on the capillary dimensions of fibrous assembly and 
the viscosity of the liquid.  When wicking takes place in a material whose fibers can 
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absorb liquid the fibers may swell as the liquid taken up which reduces the capillary 
spaces between fibers, potentially altering the wicking rate. The rate of progress of 
liquid for a simple capillary of radius r can be expressed as follows (Equation 3.3) 
where θA is advancing contact angle, η is the viscosity of the liquid and l is the 
length of liquid front [6]: 
                                                                                                    (3.3) 
By using above formula the distance traveled along a capillary by a liquid in a given 
time t can be found using Equation 3.4 below [6]: 
                                                                                                (3.4) 
The height to which the liquid wicks is limited by gravitational forces and ceases 
when the capillary forces are balanced if the material is vertical, so the equilibrium 
height can be calculated as follows (Equation 3.5) where ρ is liquid density and g is 
the gravitational acceleration [6]: 
                                                                             (3.5) 
Transplanar wicking is the transport of liquid into fabric structure in the direction 
perpendicular to the fabric plane and longitudinal wicking occurs when fabric is 
partially immersed into an unlimited reservoir parallel to the fabric plane. The 
measured longitudinal wicking rates of fabrics are not always correlated with 
corresponding transplanar wicking rates. Since the mechanism of removal of liquid 
perspiration from the skin involves its movement through the fabric thickness 
transplanar wicking is perhaps of more importance than the longitudinal wicking 
[1,6]. 
The wicking is affected by the morphology of fibrous assemblies because fibrous 
structures are never of a perfect capillary and are changeable in shape due to swelling 
of fibers (if hydrophilic). Because of this complicated problem, wicking flow on 
periodically irregular capillaries, an efficient and precise way of representing the 
intricate structure of fibrous structure of fibrous assemblies is still awaited [12]. 
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3.1.2.3 Factors effecting wetting and wicking in fibers and fibrous 
           assemblies  
The factors influencing the wetting behavior of the fibers are the types of fibers, 
chemical purity, surface contamination, surface finish, surface roughness, orientation 
of molecules, cross-sectional shape, pre-wetting, annealing, presence of surfactants, 
alkaline hydrolysis, washing, bleaching and mercerization. Rough surfaces increase 
fast spreading along troughs offered by the surface roughness. Pre-treatments applied 
such as washing, bleaching and mercerization increases the sorption ability and 
fibers with the highest sorption have the smallest contact angle. Figure 3.8 indicates 
contact angles of raw and pre-treated regenerated fibers. Increasing diameter of 
fibers, which leads to better accessibility of fiber interfaces to liquid due to the fact 
that fiber structure becomes loose, decreases the contact angle [11]. 
 
 
Figure 3.8: Contact angles of raw and pre-treated regenerated cellulose fibers[9] 
The wicking of yarns are influenced by yarn structure, yarn tension, twist, fiber 
shape, number of fibers in yarns, fiber configuration, finish and surfactants. Open- 
end yarns wick faster and more evenly than ring yarns but elevate nearly the same 
amount of water for a given yarn count and for a given vertical height the wicking 
time of open-end spun yarns is less than that of ring spun yarns. The studies made 
reveals that the equilibrium wicking heights observed for ring yarns were more than 
those of compact yarns, ring yarns wicks faster than compact yarns and coarser yarns 
wick faster than finer ones as shown below in Figure 3.9 [9]. 
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                            Figure 3.9: Wicking of ring and compact yarns [11] 
The average capillary size would be less in compact yarns than ring yarns because 
the packaging coefficient of compact spun yarns is greater than that of corresponding 
ring yarns. Twist in the yarns influence the inter-fiber capillaries as a result of helical 
path of the fibers in the yarns. Experimental studies reveal that wicking is highly 
sensitive to twist and structure of ring and open-end spun yarns as shown below in 
Figure 3.10 where both vertical wicking heights are decreasing with increasing twist 
factor values [9]. 
                                                
Figure 3.10: Effect of twist factor on wicking height [11] 
The factors effecting wicking properties of fabrics size, shape, alignment,distribution 
of fibers, fiber combinations, yarn structure, fabric construction parameters, fabric 
position in a multilayer system, desizing, varios finishing treatments, plasma, ozone 
treatments, property of liquid, surfactants and laundering. In a fabric wicking rate 
and the liquid transported depend on pore sizes and their size distribution along the 
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fabric surface. According to the capillary principle smaller pores are completely 
filled first and are responsible for the liquid front movement and the distance of 
liquid advancement is greater in smaller pores because of higher capillary pressure, 
but the mass of liquid retained in such a pore is small. A larger amount of liquid 
mass can be retained in larger pores but the distance of liquid advancement is 
limited. So fast liquid spreading in fibrous materials is facilitated by small, uniformly 
distributed and interconnected pores whereas high liquid retention can be achieved 
by having a large number of large pores or a high total pore volume. Ring yarn 
fabrics wick faster than compact yarn fabrics and fabrics made from coarser yarns 
show faster wicking than those made from finer yarns [9]. 
It is reported that bulk properties of the fiber material, such as regain, do not have 
any significant influence on the liquid transport properties . Scouring improves water 
wettability and retention, even in the case of reduced pore volume in the fabric, while 
bleaching improves surface wettability and water retention without affecting the 
fabric pore structure. Wetting and wicking properties of textile materials can be 
enhanced by alkaline and bleaching treatments, enzymatic scouring of cotton and 
consecutive launderings [9]. 
Kissa [13] reviewed the fundamentals of wetting and wicking and stated that wicking 
processes can be divided into four categories: Capillary penetration only; 
simultaneous capillary penetration and imbibitions by the fibers; capillary 
penetration and absorption of a surfactant on fibers; and simultaneous penetration, 
imbibitions by the fibers and absorption of a surfactant on fibers. If the liquid 
interacts with a textile containing a surfactant, its absorption and orientation on the 
fiber surface effect interfacial tension and wettability. The structure of a surfactant 
determines the wetting rate and the wicking performance. 
Wiener and Dejlova [15] proposed a model for wicking and wetting in textiles and 
found out that the result of the wicking depends on a series of factors which 
influence interfacial tensions such as temperature, pressure, impurities and polarity; 
other properties of liquid like viscosity and liquid evaporation and various fiber 
properties affect  increasing on the suction height by the increasing number of fibers 
in the cross section of the threads tested. 
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Adler and Walsh [2] developed a technique to determine the mechanism by which 
moisture is transported between fabrics under transient conditions at low moisture 
contents. Performing the tests of a variety of fabrics at various levels of moisture 
content from 3% to over 100% above regain they reported that vapor diffusion was 
the major mechanism of moisture transport between two layers of fabrics at low 
moisture levels for all fabrics and wicking did not begin until the moisture content 
was high, more than 30% above regain for the woven samples and knitted samples 
did not wick at all. In the case of 100% woven cotton fabric wicking does not begin 
until the moisture content is close to 110% above regain, while maximum fabric 
absorption capacity is close to 30% above regain for cotton. 
Long [17] reported that the better the water absorption of the outer layer yarn and the 
poorer that of inner layer yarn, the more water can be transferred from the inner to 
the outer layer by capillary action and it can increase the water transfer to a certain 
degree if the inner layer is made with hydrophobic filament.  
The external pressure applied on the fabric layers and the amount of the water 
initially held in the wet layer are the two main external factors influencing the 
transfer wicking. The amount of liquid transferred is largely dependent on the 
performance of individual fabrics as well as the way (face to face) in which the 
fabrics contact each other. Liquid is transferred wet layer to first layer in the clothing 
system once the liquid fills the fabric interstices. Provided the wet layer contains 
enough water, liquid transfer continues until the first layer of fabric is saturated [24]. 
The external pressure and the amount of the water held in the wet layer are also 
influential for the transfer wicking in woven fabrics like denims. 
3.1.2.4 Characterization techniques for wetting and wicking behavior of 
           fibrous materials 
Wicking and wetting behaviors of fibrous materials, incorporating various related 
theories, have been developed to measure such important parameters as interfacial 
tension or surface energy, contact angle, liquid transport rate (either in volume or 
weight) or the liquid profile of fibrous materials [13]. 
Observing a sessile drop via a telescope or microscope (Figure 3.11) is a common 
way of measuring the contact angle which is directly determined by a goniometer or 
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by a computer system using the recorded image of the drop. Alternatively, contact 
angle can be measured at the edge of a bubble [33]. 
 
Figure 3.11: Sessile drop and bubble for measuring contact angle [13] 
For small drops where hydrostatic forces are negligible the contact angle can be 
calculated from Equation 3.6 given below where h is the height of drop and, a is the 
contact radius [13]: 
                                                                                                                (3.6) 
Another way of measuring wettability characterics is to measure the interfacial 
adhesion tension of single filaments using the Wilhelmy method (Figure 3.12) which  
uses a recording electro microbalance to obtain results by the movement of the 
mechanical platform, as shown below [13].  
                                                                                 
Figure 3.12: Wilhelmy method for measuring interfacial tension between liquid 
                     and fiber [13]   
Strip test, shown in Figure 3.13, is used to measure the height of rise in a given time 
which is a direct indication of the wicking ability. In this method of testing, a strip of 
fabric is suspended vertically with its lower edge in a reservoir of distilled water [6].  
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Figure 3.13: Longitudinal wicking test (Strip test) [6] 
One test to measure transverse wicking is the plate test (Figure 3.14) which consists 
of a horizontal sintered glass plate kept moist by a water supply whose height can be 
adjusted so as to keep the water level precisely at the upper surface of the plate on 
top of which a fabric is placed as shown in the figure. A contact pressure is also used 
to ensure the contact of the sample with sintered glass. Wicking power of the test 
fabric is determined by its rate of drawing water from the glass plate [6].  
 
 
Figure 3.14: The plate test [6] 
Apart form direct visualization test methods, which are strip test, plate test, spot test 
and siphon test, indirect measuring ways such as electrical capacity or resistance 
techniques might be used to evaluate wicking behavior of fibrous materials [13]. 
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Zhuang and his colleagues [19] used a method of fabric setting, shown in Figure 
3.15, in their experiments since there is no standard test method for measuring 
transfer wicking. In their test system, samples were mounted horizontally and 
vertically to conduct transfer wicking experiments. In the case of setting samples 
horizontally a dish, which is 74,5 mm in diameter, was placed on top of the layers to 
exert an external pressure. When the samples were set vertically, a common situation 
for clothes during wear, a system with a spring was used to exert pressure on fabrics 
but the spring compressing distance could be changing the pressure applied.  
 
Figure 3.15: Method for fabric setting for experiments on transfer wicking 
                    (Horizontally and vertically) [19] 
Transfer wicking ratio can be calculated, using Equation 3.7, in any time t during 
wicking occurs where R is the transfer ratio for the wetting fabric, C0 and C are the 
initial water concentration at the beginning, at t=0, and the water concentration at any 
time t during transfer wicking occurs and Cr is the equilibrium concentration of the 
sample conditioned in laboratory environment. Additionally, transfer wicking ratio 
for the fabric which is wetted by the other can be described as (1-R) which will 
change between 0,5 and 0, in value, relatively where 1>R>0,5 [2]. 
                                                          R=C-Cr                                                          (3.7) 
                                                               C0-Cr 
3.1.3 Drying 
Drying is so significant for the evaluation of comfort of textile products. The 
sensation of dampness of clothing stops irritating the skin when the fabric dry easier. 
The heat flow from the skin through the clothing can be considerably greater when 
the clothing is very wet, since the water decreases the clothing’s thermal insulation 
which causes chill that can be exceedingly uncomfortable and lead to dangerous 
hypothermia [12]. 
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Drying process of textile materials can be summed up in three stages in the first of 
which a wet fabric adjusts its temperature and moisture flows with its surrounding 
environment. The second stage is a constant drying rate period as the rates of heat 
transfer and vaporization reach equilibrium. In the third stage due to insufficient 
moisture flow to the surface to maintain saturation, the plane of evaporation moves 
into the fabric [5]. 
Coplan [11], reported that the actual amount of water retained by a fabric after 
wetting-out is functional with actual total void volume, hydrostatic capillary effects, 
and methods of mechanical extraction and length of time to dry depends principally 
upon the amount of initial liquid water retained by a fabric per unit area for 
evaporation. He also added that any water that actually absorbed in the fibers must be 
retained as liquid water within the voids of the fabric structure and these free 
volumes are considerably greater than the volume of fibers which provide the space 
matrix of the fabrics. He further stated that in a study of water content of a water- 
fiber system, when large fractions of total moisture are present as liquid, the 
available void volume of the fabric should be logically taken into account and 
similarly the available surface in the analysis of evaporation rates, in other words the 
speed of drying is directly related to the volume of water retained in a fabric and the 
area for evaporation of this water. 
Crow and Osczevski [12] examined the interaction between water and a range of 
fabrics which contains knitted and woven fabrics in cotton, polyester, wool, acrylic, 
nylon, cotton-polyester, polypropylene and polyurethane-nylon fiber compositions 
and found that properties relevant to clothing on an exercising person, such as drying 
time and energy required to evaporate water from under and through a dry fabric or 
dry a wet fabric, depend on the amount of water fabric picks up and do not depend 
on fiber type similar to Coplan. They mentioned that equivalent amounts of water in 
fabric samples evaporated more quickly than the same amount of water which 
evaporated from a Petri dish, as a result of their conclusion that in a fabric the water 
is spread out through the yarns and so has a much larger surface area from which it 
can evaporate. 
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3.1.4 Air permeability 
Permeability is a property composed of performance and thickness of a material in 
[m³/m²/min.] in SI system. Air permeability can be defined as the volume of air 
permitted to pass a certain area of the textile material in a period of time under a 
specific pressure. Air permeability of a fabric is an auxiliary factor affecting the 
comfort properties of textile materials. For instance, it is the main factor setting the 
water vapor transmission rates of fabrics of different fiber types owing to the same 
fabric structures after reaching equilibrium [1]. The air permeability of a fabric can 
be described as a measure of how well it allows the passage of air through it. The 
reciprocal of air permeability, air resistance, is defined as the time in seconds for a 
certain volume of air to pass through a certain area of fabric under a constant 
pressure. The advantage of using air resistance instead of air permeability is to be 
sum of the individual air resistances while air permeability is just characterizing a 
fabric [6]. 
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4.  EXPERIMENTAL STUDY 
4.1 Material 
In the experimental study carried out fabric samples have fiber compositions, which 
are 100% cotton, 98/2% cotton-elastane and 85/15% cotton-polyester between Ne7-
Ne10 yarn counts and at similiar linear densities. While investigating the water 
interaction with fabrics 100% cotton, 98/2% cotton-elastane and 85/15% cotton-
polyester denim fabrics are used as control groups. All samples are woven as 3/1  
right hand twill and the weights of these finished fabrics vary between 300 and 425 
gram per square meter. 
Table 4.1: Coding of samples 
Fabric 
Code Fiber Composition Yarn count Structure 
1 %100 Cotton Warp: 8 / Weft:10 3/1 LHT 
2 %100 Cotton Warp: 8  / Weft:8 3/1 LHT 
3 %100 Cotton Warp: 7 / Weft:7 3/1 LHT 
4 %98 Cotton %2 Ea Warp:  8 / Weft:8 3/1 LHT 
5 %100 Cotton Warp:  8 / Weft:10 3/1 LHT 
6 %85 Cotton%15 Pet Warp: 7 / Weft: 7 3/1 LHT 
The samples were divided two groups and each samples of indigo dyed fabrics were 
reserved to test their physical and comfort performance. After that the washing 
procedure (at 140 ° F) was applied to the rest of samples as a second group of 
fabrics. 
The desizing involves impregnation of the fabric with the desizing agent, allowing 
the desizing agent to degrade or solubilise the size material, and finally to wash out 
the degradation products. The enzymes are proteins and that they are substrate 
specific and enzymatic desizing of starches on cotton fabrics is applied in this study. 
Enzymes are named after the compound they break down. 50gr amylase with 25gr 
dispers agent were used in washing recepie and amlylase broke down amylose and 
amylopectin of starch of rigid fabrics. The samples are desized during 10 minutes 
then rinsed about 5 minutes and before the last 5 minutes rinsing application the end 
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softening agents applied to all fabrics during 10 minutes with 50gr micro silicon. 
After the wasing application all fabrics are dried during 40 minutes. After having 
prepared the fabric samples for all tests and measurements all types of fabrics were 
needed to be coded specifically to have a systematic analyze of theoutputs so Table 
4.1 has been formed to code the samples. 
4.2 Method 
The fabrics were conditioned under the standard atmospheric conditions during two 
days. Indigo dyed fabrics were tested for their physical performance before and after 
laundering cycles (washing). They were also tested for their comfort properties 
before and after washing as well. 
TS 5720 was used for washing procedures and 5A option was applied. Fabrics were 
washed at a total load weight of 1,2 kg at 40 ºC with an extraction drum speed of 500 
rpm which is followed by line dry. 
As mentioned above the experimental study can be categorized in two main parts 
which are testing comfort properties incorporating water vapor permeability, 
longitudinal and transfer wicking,drying speed and air permeability; and physical 
performance which consists of tensile strength, tear strength, weight loss due to 
abrasion and dimensional stability. In addition to these tests, fabric weight, fabric 
thickness, warp density and weft density values have been measured for each state 
stated unwashed and washed indigo dyed denim fabrics. 
From the results gathered from the tests and measurements, statistical analyzes 
performed. The data obtained were evaluated using univariate ANOVA, correlation 
analysis . For this purpose, SPSS 15 software package was employed.The following 
properties were tested in accordance with relevant standards. 
4.2.1 Comfort properties 
4.2.1.1 Water vapor transmission test 
Water vapor permeability properties of fabrics were measured using test method 
based on the ASTM E96-00 [7]. Water vapor transmission test model used is shown 
below in Figure 3.5. 
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Figure 4.1: Water vapor transmission test model 
 
4.2.1.2 Transfer wicking test 
Since there is not any testing standard related with transfer wicking testing, 
measurement of transfer wicking is based on the test method used by Zhuang and his 
friends [19]. The samples were mounted horizontally to conduct transfer wicking 
experiments. A 74,5 mm diameter plate was placed on top of the layers and external 
pressure which was 15,6 kg/m2 was exerted. A pressure of 15,6 kg/m2 was used 
since it was the adequate pressure value to start transfer wicking. Fabric samples 
were cut into circles which are 74,5 mm in diameter and both of which were the 
same size as the plate placed on the fabrics. The fabric layers are positioned so as to 
match the face of wet fabric with the back of the dry one. The amount of water 
initially held in the wet fabric was controlled by completely soaking the sample in 
distilled water and then removing the excess water with a paper towel. The wet fabric 
was weighted periodically. As soon as the dry layer fabric, which was the same 
fabric as the wet layer, was placed on the top of wet layer, liquid transfer was 
continuously allowed for a certain period of time, then the amount of liquid transfer 
was measured by weighing the dry fabric layer at 5, 10, 15, 20, 25 and 30 minutes. 
4.2.1.3 Measurement of longitudinal wicking 
DIN 53924 Standard [20] was applied for longitudinal wicking measurement and the 
test was applied 3 times per each sample type. 
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4.2.1.4 Measurement of drying speed 
This test is based on the research of Coplan [11]; according to the procedure each 
specimen was soaked in distilled water for 0,5 hour. At the time no air bubbles were 
produced upon squeezing under water, the samples were considered wet-out. Wet- 
out samples were suspended vertically for 15 seconds and then laid flat on a double 
thickness of dry paper towel for 2 minutes on each side. Weighing was made 
immediately following the 15 seconds vertical suspension. Weightings were made at 
0,5 hour and 1 hour intervals as drying progress. When the measurement value is 
105% of the weight before getting wet, the measurement was stopped. Drying rates, 
expressed as the weight loss per unit hour and the percent volume difference of the 
initial total liquid water volume per unit hour. 
4.2.1.5 Air permeability test 
ASTM D 737 [21] test method was used to evaluate air permeability values. The 
samples are located over 20 cm2 parts of device with 249 Pa pressure. The pressure 
difference between frontside and backside of fabrics is measured in ft³/ft²/min. The 
data of tests tranformed to m³/m²/min. by multiplying with the coefficient 0.305. 
4.2.1.6 Measurement of contact angle 
It was aimed to obtain information about the wettability and solid-liquid contact 
geometry by measuring the deionized water contact angle using a contact angle 
meter. The specimen was placed on the sample stage. Then, a drop of water was 
deposited on the fabric surface. 10 images were recorded in 1 second periods and 
analyzed. The measurements were repeated three times for each sample. 
4.2.2 Physical and dimensional properties 
4.2.2.1 Fabric weight 
TS 251 was used to measure fabric weight. 
4.2.2.2 Dimensional stability 
This test was done in accordance with TS 4073 EN ISO 3759 Standard [22]. The 
samples were dried according to BS4923 standard. Measurements were taken from 
different parts of fabrics in widthwise and lengthwise directions. Percentage 
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dimensional change was calculated using below formula (Equation 4.2) where D1 
and D2 were the measurements before and after washing. 
                                                                                                    (4.1)                                                                         
4.2.2.3 Fabric thickness 
5 measurements were taken from different parts of the fabrics and the test was 
conducted according to BS 2544 and then average values were obtained. 
4.2.2.4 Abrasion resistance 
TS EN ISO 12947-2 [23] test method was used and weight loss caused by abrasion 
under 9 kPa pressure of 50000 revolutions was reported. 
4.2.2.5 Tensile strength 
TS EN ISO 13934-1 [24] test method was used and maximum force and elongation 
at maximum for were reported by using strip method. 
4.2.2.6 Tear strength 
TS EN ISO 13937-2 [25] test method was used and tear forces of trouser-shaped test 
specimens were reported. 
 
 
 
 
 
 
 
 
 
 
 
 40 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 41 
 
 
5.RESULTS AND DISCUSSION 
The experimental study carried out in two parts as before washing and after three 
consecutive washes. The physical properties of the fabrics tested were different and it 
is better to summarize fabric physical properties at the two stages together. Physical 
properties of dyed fabrics before washing and after three washes are given  in Table 
5.1. 
 
Table 5.1: Physical properties of fabrics 
Fabric 
Code 
Fabric 
Weight 
(g/mt²) 
Fabric 
Thickness 
(mm) 
Warp 
density 
(p/cm) 
Weft 
density 
(p/cm) 
Condition 
1A 301 0,54 25 18 Rigid 
1B 330 0,65 26 19 Washed 
2A 407 0,66 21 19 Rigid 
2B 418 0,80 23 20 Washed 
3A 408 0,73 26 20 Rigid 
3B 393 0,84 25 20 Washed 
4A 405 0,70 23 17 Rigid 
4B 411 0,89 21 19 Washed 
5A 414 0,68 23 19 Rigid 
5B 442 0,83 25 20 Washed 
6A 424 0,75 22 16 Rigid 
6B 413 0,88 24 18 Washed 
 
5.1 Results of Comfort Properties 
5.1.1 Results of water vapor transmission test 
The water vapor transmission through fabrics for a 24 hours time period before and 
after three washes are listed in the Table 5.2. The water vapor permeability 
characteristics all fabric types were studied to have a comparison. Figure 5.1, shows 
water vapor transmission rates before and after washing. In crease recovery finishing 
process cotton fibers are resinated, 85/15% cotton-polyester fabrics, 98/2% cotton-
elastane fabrics and 100% cotton fabrics woven with Ne8 warp and Ne10 weft yarns 
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were more rigid on behalf of more crease recovery application compared to other 
three samples. 
In Figure 5.1 results reveal that the water vapor transmission rates of 85/15% cotton-
polyester fabrics, 98/2% cotton-elastane fabrics and 100% cotton fabrics woven with 
Ne8 warp and Ne10 weft yarns were increased more compared to water vapor 
transmission rates difference between rigid and washed samples of rest fabrics. 
Table 5.2: Water vapor transmisson test results 
Fabric 
Code 
WVTR      
(g/m².24h) 
1A 930,67 
1B 814,22 
2A 883,56 
2B 759,11 
3A 840,89 
3B 813,33 
4A 884,44 
4B 1566,22 
5A 857,78 
5B 1399,11 
6A 896,00 
6B 1129,28 
 
Results reveal that washed 98/2% cotton-elastane initially woven from Ne8 warp and 
Ne8 weft yarns is the fabric which lets water vapor transmission at the highest rate 
and washed 100% cotton woven from Ne8 warp and Ne8 weft yarns resist water 
vapor transmission most among all fabrics tested. 
Analysis of data of water vapor transmission tests, using univariate analysis of 
variance method at 95% confidence interval, indicates that washing and warp-weft 
density are the statistically significant main factors affecting water vapor 
transmission behavior of the fabrics where the other categorical variables like yarn 
count do not have a significant effect on that behavior.  
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Figure 5.1: Water vapor transmission rates 
Analysis of data of water vapor transmission tests, using univariate analysis of 
variance method at 95% confidence interval, indicates that washing and warp-weft 
density are the statistically significant main factors affecting water vapor 
transmission behavior of the fabrics where the other categorical variables like yarn 
count do not have a significant effect on that behavior.  
In addition, the pairs of “warp-weft density and washing”, “yarn count and warp-
weft density”  and “yarn count and washing” have statistically significant interaction 
effects. Though there is not much different fiber compositions in this study it is 
observed that the 98/2% cotton-elastane and 85/15% cotton-polyester fabrics have 
better values especially after washing treatments on the contrary the previous studies 
like in the conclusion of Long [17] which states that fiber nature has no effect on 
water vapor transmission rates. 
The moisture transfer and quick dry behaviors of textiles depend mainly on the 
capillary capability and moisture absorbency of their fibers. Moisture vapour process 
can take place in both the liquid and vapour phases of water. Moisture-vapour 
permeability in fabrics is achieved or lost at either the manufacturing or the finishing 
stage of the production process [26]. 
Bivariate correlation analyzes done in order to explore the possible relationships 
between continuous variables show that there is a positive correlation between water 
vapor transmission rates and longitudinal wicking velocities at 99% confidence 
interval and there is also a positive correlation between transfer wicking ratios and 
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water vapor transmission rates at 95% confidence interval both of which can be signs 
of similar characteristics of comfort related properties. 
5.1.2 Results of transfer wicking test 
Transfer wicking ratios were calculated for both wet fabrics, R, and for dry fabrics, 
1-R, using the water concentrations of the fabric samples measured during the test 
period. Due to having the concentrations on certain time intervals every single graph 
of all fabric samples demonstrating the average transfer wicking properties of them 
could be formed. Transfer wicking ratios obtained from before washing transfer 
wicking tests are listed below in Table 5.3 showing the ratios for every 5 minutes 
interval. 
Table 5.3: Transfer wicking ratios for wet fabrics 
Fabric 
Code 
R 
0 5 min 10 min 15 min 20 min 25 min 30 min 
1A 1 0,233 0,300 0,0374 0,385 0,400 0,420 
1B 1 0,085 0,109 0,122 0,132 0,141 0,188 
2A 1 0,200 0,314 0,400 0,457 0,514 0,557 
2B 1 0,131 0,145 0,143 0,142 0,139 0,138 
3A 1 0.040 0,045 0,091 0,115 0,136 0,150 
3B 1 0,072 0,082 0,080 0,080 0,078 0,076 
4A 1 0,088 0,117 0,139 0,153 0,148 0,175 
4B 1 0,140 0,166 0,166 0,166 0,016 0,225 
5A 1 0,355 0,420 0,484 0,516 0,540 0,160 
5B 1 0,054 0,072 0,081 0,084 0,087 0,089 
6A 1 0,069 0,108 0,138 0,167 0,186 0,596 
6B 1 0,056 0,074 0,083 0,088 0,088 0,091 
   
From the results of transfer wicking tests of dry fabrics it can be seen that after 30 
minutes time period 100% cotton washed fabrics of Ne7 yarns show the highest 
transfer wicking ability where 85/15% cotton-polyester rigid fabrics of Ne7 yarns 
have the lowest transfer wicking ratios among the fabrics tested.  
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Table 5.4: Transfer wicking ratios for dry fabrics 
Fabric 
Code 
1-R 
0 5 min 10 min 15 min 20 min 25 min 30 min 
1A 1 0,766 0,700 0,962 0,615 0,600 0,580 
1B 1 0,915 0,891 0,878 0,868 0,859 0,812 
2A 1 0,800 0,686 0,600 0,543 0,486 0,443 
2B 1 0,869 0,855 0,857 0,858 0,861 0,862 
3A 1 0,960 0,955 0,909 0,885 0,864 0,850 
3B 1 0,928 0,918 0,920 0,920 0,922 0,924 
4A 1 0,912 0,883 0,861 0,847 0,852 0,825 
4B 1 0,86 0,834 0,834 0,834 0,984 0,775 
5A 1 0,645 0,580 0,516 0,484 0,460 0,840 
5B 1 0,946 0,928 0,919 0,916 0,913 0,911 
6A 1 0,931 0,892 0,862 0,833 0,814 0,404 
6B 1 0,944 0,926 0,917 0,912 0,912 0,909 
 
The data above was used to plot the figures of transfer wicking abilities of both wet 
fabrics (Figure 5.2) and dry fabrics (Figure 5.3). 
 
Figure 5.2: Transfer wicking for wet fabrics 
The transfer wicking ratios of rigid and washed samples are similiar to water-vapor 
transmission rates. For instance 98/2% cotton-elastane and 85/15% cotton-polyester 
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washed denim fabrics  and 100% cotton of Ne8 warp and Ne10 weft washed fabrics 
have better values regarding both transfer wiciking ratios and water vapor transfer 
rates. Figure 5.3 reveals that 100% cotton of Ne8 yarns, 100% cotton of Ne7 yarns 
rigid and washed fabrics have lower transfer wicking values. Regarding water-vapor 
transmission results it can be seen from the Figure 5.1 100% cotton of Ne8 yarns, 
100% cotton of Ne7 yarns rigid and washed fabrics have lower values compared to 
values of 98/2% cotton-elastane and 85/15% cotton-polyester rigid and washed 
denim fabrics  and 100% cotton of Ne8 warp and Ne10 weft rigid and washed 
fabrics. There is a relation of wetting and wicking properties of studied denim fabrics 
with the water vapor permeability. Most of the studied samples showed similiar 
results both for wicking tests and water vapor transmission tests. 
 
Figure 5.3: Transfer wicking for dry fabrics 
Comparing the transfer wicking ratios of rigid fabrics and washed fabrics, it appears 
that washing, in general, make the wicking rates improve.  
Even though all fabric types investigated have similar transfer wicking ratio curves 
they have different wicking ratios for the end of certain time periods which reflect 
the difference between their transfer wicking behaviours. 
Univariate analysis of variance results make clear that all three categorical variables, 
yarn count, fiber composition and washing are statistically significant on transfer 
wicking at 95% confidence interval. Pairs of “fiber composition and yarn count”, 
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“fiber composition and washing” and “yarn count and washing” have statistically 
significant interaction effects on transfer wicking ratios, as well. Furthermore, “fiber 
composition, yarn count and washing” have significant triple interaction effects on 
this behavior.  
Regarding effect of finishing agents on wettability and wickability of samples. Since 
low level crease recovery application, the crosslinked structure of fibres has an 
increased level of surface tension that makes them less wettable. The presence of 
magnesium chloride on the finished fabric surface reduces the wetting time and 
wicking ratios compared with samples after several laundering cycles. 
It is obvious that washing has more increased the wicking ability of 100% cotton 
group of fabrics. As stated before, agreeing with the results of previous researches 
[9], wicking rates of cotton increases after consecutive launderings. Another 
important categorical variable affecting transfer wicking is the yarn count. The 
coarser yarns lead to a better wicking ability for 100% cotton group of fabrics. Our 
findings are also parallel to the one of previously made researches [9] concluded that 
coarser yarns show faster wicking than finer yarns which is reflected in wicking 
behavior of fabrics of coarser and finer yarns as seen on the transfer wicking test 
results of this study.  
5.1.3 Results of longitudinal wicking tests 
Longitudinal wicking tests carried out supplied the information of liquid rise on the 
fabrics in lengthwise direction in a short period of time. Longitudinal wicking test 
results of rigid and washed denim fabrics, showing the longitudinal wicking heights 
at the end of the five minutes period and the average wicking velocities, are given 
below in Table 5.5. From the table it can be seen that in warp direction washed 98/2 
cotton-elastane  fabrics of Ne8 yarns reach the maximum wicking height among the 
fabrics tested and rigid 100% cotton fabrics of Ne8 warp / Ne10 weft yarns have the 
lowest liquid rise at the end of testing time among all fabrics. In weft direction  
washed 100% cotton fabrics of Ne8 warp and weft yarns have the maximum wicking 
height among the fabrics tested and again rigid 100% cotton fabrics of Ne8 warp / 
Ne10 weft yarns have the lowest liquid rise at the end of testing time among all 
fabrics. 
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Table 5.5: Longitudinal wicking test results 
Fabric 
Code 
Warp direction Weft Direction 
Wicking 
Height 
(mm) 
Wicking 
Velocity 
(mm/min) 
Wicking 
Height 
(mm) 
Wicking 
Velocity 
(mm/min) 
1A 1,10 0,24 1,05 0,22 
1B 3,53 0,71 3,50 0,70 
2A 3,90 0,54 4,95 0,90 
2B 17,80 3,56 22,86 4,57 
3A 3,67 0,74 5,25 1,05 
3B 17,46 3,49 25,36 5,07 
4A 2,75 0,64 2,15 0,34 
4B 18,43 3,68 12,33 2,46 
5A 2,00 0,46 3,54 0,74 
5B 11,00 2,20 14,66 2,93 
6A 1,30 0,35 2,32 0,41 
6B 6,50 1,50 12,16 2,43 
 
The changed wettability of finished cotton fabric is the result of cellulose 
crosslinking and the presence of catalyst on the fibre surface of studied rigid fabrics. 
This also indicates the ability of magnesium chloride to reduce fabric wettability in 
the absence of cellulose cross-linking. It is possible that the reduced concentration of 
magnesium chloride mainly produces the decrease in fabric surface tension, resulting 
in increased wiciking ratios. 
In Figure 5.4 sample 2 and 3 are the examples of  finished fabrics with the reduced 
concentration of magnesium chloride. The higher content of magnesium salt on the 
fibre surface of sample 1 results more increase in fabrics surface tension, resulting in 
decreased wiciking ratios. 
Our findings are also parallel to the literature survey [15], revealing that coarser 
yarns wick faster than finer ones, with the results both obtained before and after 
washing. In order to illustrate this, Figure 5.4, supporting those findings and showing 
the yarn count effect on longitudinal wicking velocities before washing.  
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Figure 5.4: Longitudinal wicking 
Our findings are also parallel to the literature survey [15], revealing that coarser 
yarns wick faster than finer ones, with the results both obtained before and after 
washing. In order to illustrate this, Figure 5.4, supporting those findings and showing 
the yarn count effect on longitudinal wicking velocities before washing.  
5.1.4 Results of drying tests 
Drying tests performed both before and after washing were used to determine drying 
time and speed of drying of every single fabric type studied. The time required to dry 
fully wetted fabrics and the average drying rates of them till drying ended is shown 
below in Table 5.6. 
Drying ratio defined by the ratio of water volume present in the fabric to the volume 
of water initially held can be calculated as follows (Equation 5.2), where conditioned 
mass (Mo) and mass of specimen after oven drying (Mr) are the fully wetted initial 
mass and conditioned mass of fabric specimen and M is the mass at a time t during 
drying occurs:                                                                                                                                                       
                                                   Drying Ratio= M0 – M                                        (5.2) 
                                                                      Mr - M 
Absolute drying of fabrics give the result of 1 using the formula above where drying 
ratio is 0 at t=0, at the beginning of drying test. 
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Table 5.6: Drying time and drying rates 
 
 
As seen from the table 100% cotton fabrics of Ne8 warp yarns and Ne10 weft yarns 
are the fabrics drying first and the drying time of same fabrics are worse after they 
washed. The cotton composition of fabrics are effective on drying performance of 
fabrics. As an other sample with same composition and yarn counts 100% cotton 
fabrics of Ne8 warp yarns and Ne10 weft yarns has the highest drying rate of 0,985 
g/h among all rigid and washed fabrics. 98/2% cotton-elastane washed fabric of Ne7 
yarns are the fabrics dried at the latest time and 100% cotton washed fabrics of Ne8 
warp yarns and Ne10 weft yarns had the lowest drying rate of  0.658 g/h among all 
rigid and washed fabrics tested. 
As we can see in the drying results of most samples we studied including blend 
compositions 85/15% cotton-polyester and 98/2% cotton-elastane fabrics have better 
drying rates before washing and washed fabrics of most samples are drying late. 
Regarding yarn count if we compare the 100% cotton fabrics of different yarn counts 
of tested fabrics it can be seen the 100% cotton fabrics of Ne7 yarns dry latest among 
all of them.  
Fabric 
Code 
Drying 
Time (h) 
Drying 
Rate (g/h) 
1A 4,30 0,785 
1B 5,25 0,658 
2A 5,20 0,896 
2B 6,05 0,715 
3A 6,15 0,926 
3B 5,85 0,784 
4A 6,60 0,924 
4B 6,85 0,721 
5A 4,75 0,985 
5B 5,35 0,855 
6A 5,30 0,965 
6B 5,65 0,855 
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Figure 5.5: Drying ratios 
To show drying behavior of the fabrics tested drying ratio values changing with time 
are plotted both for drying test results of rigid and washed fabrics (Figure 5.5). 
 
Figure 5.6: Water loss against time 
In order to have a better approach of drying behaviors of fabrics than just using the 
drying rate values, the weight loss of fabrics during the drying tests were used and 
graphs showing the weight of the wetted samples versus time were plotted for drying 
test results of rigid and washed fabrics (Figure 5.6). 
5.1.5 Results of air permeability test 
The air permeability test results are given in the Table 5.7 below. Air permeability 
values depict a reduction in most of test samples during washing treatments except 
for Ne8 warp and Ne10 weft yarns of fabrics. There is an increasing trend of air 
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permeability values for the washed samples (1B,5B)  of these rigid samples (1A,5A). 
The differences of air permeability values of all rigid and washed samples are plotted 
together in the figure below. 
Table 5.7: Air permeability test results 
Fabric 
Code 
AP 
(m³/m²/min) 
1A 14.30 
1B 16.70 
2A 10.00 
2B 9.10 
3A 10.50 
3B 10.10 
4A 10.40 
4B 8.60 
5A 9.00 
5B 9.50 
6A 8.70 
6B 8.30 
 
 
Figure 5.7: Air permeability test results 
From the results of air permeability tests as can be seen in the Figure 5.7 the lightest 
fabric of all samples has the highest air permabilty values. On the other hand the 
values of 100% cotton samples are similiar with the values of 98/2% cotton-elastane 
samples and 85/15% cotton-polyester samples. As a result it can be seen that there is 
not a significant effect of fiber composition on air permeability behaviours.  
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The most important parameters that effects the air permeability behaviours of fabrics 
are the space between fibers and yarns [27]. Since in this study all samples have 
same fabric structure and similiar yarn counts, the parameter of fabrics did not cause 
a significant difference of air permeability values of studied samples. 
5.1.5 Results of contact angle test 
The contact angle values are reported in Table 5.8 below. The contact angle between 
the fabric surface and water molecules describes the geometry of solid–liquid 
contact. The results are used for the study of the wetting on a solid material. For 
heterogeneous structures like textile fabrics, the contact angle is affected by 
interfacial tension, surface roughness, chemical heterogeneity, polar groups, sorption 
layers, suction, porosity, swelling, molecular orientation, yarn tension etc [28]. 
Table 5.8: Contact angle measurements 
Fabric 
Code 
Contact 
Angle, º 
1A 121,38 
1B 110,15 
2A 62,35 
2B 65,60 
3A 87,40 
3B 105,80 
4A 73,15 
4B 114,40 
5A 109,13 
5B 114,10 
6A 83,25 
6B 0,00 
The contact angle also determines the wicking behavior. A lower contact angle 
causes higher wicking rates. Figure 5.8 reveals that the contact angle values are 
inversely proportional with values of longitudinal wicking ratios.The contact angle 
values of 85/15 % cotton-polyester fabrics are relatively lower than other samples. 
Also the washed sample of 85/15 % cotton-polyester fabrics aborbed all drop and the 
contact value was 0º. 
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Figure 5.8: Contact angle measurements 
The higher content of magnesium salt on the fibre surface of sample 1 results more 
increase in fabrics surface tension and resulting higher contact angle. The moisture 
vapor transmission rates of 85/15% cotton-polyester fabrics and 98/2 % cotton-
elastane fabrics are higher and especially rigid samples of this fabrics have lower 
contact angle values. 
5.2 Results of Physical Performance Tests 
It is better to have here the table summarizing physical properties of fabrics not given 
previously. The table below summarize the physical properties of rigid and washed 
fabrics (Table 5.9).  
Table 5.9: Physical properties of fabrics 
Fabric 
Code 
Fabric Weight 
(g/mt²) 
Fabric Thickness 
(mm) 
Warp density 
(p/cm) 
Weft 
density 
(p/cm) 
1A 301 0,54 25 18 
1B 330 0,65 26 19 
2A 407 0,66 21 19 
2B 418 0,8 23 20 
3A 408 0,73 26 20 
3B 393 0,84 25 20 
4A 405 0,7 23 17 
4B 411 0,89 21 19 
5A 414 0,68 23 19 
5B 442 0,83 25 20 
6A 424 0,75 22 16 
6B 413 0,88 24 18 
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5.2.1 Dimensional Stability Test Results 
Dimensional change occurred on fabrics due to washing are given below in Table 
5.10 in terms of percentage dimensional change in length and width. 
Table 5.10: Dimensional stability test results of fabrics 
Fabric 
Code 
Dimensional Change (%) 
Length Width Length Width Length Width 
1 -3,25 -3,25 -3,35 -3,35 -3,50 -3,50 
2 -1,50 -1,50 -1,80 -1,85 -2,10 -2,20 
3 -0,55 -0,30 -1,00 -0,40 -1,00 -0,50 
4 -1,00 -1,50 -1,00 -1,30 -1,00 -1,50 
5 -0,80 -1,80 -1,00 -2,00 -1,50 -2,00 
6 -0,50 0,00  0,00  0,00  -0,50 -0,40 
 
Using above information on the Table 5.10, graphs showing dimensional change 
occurred after one washing (Figure 5.9) and after three washes (Figure 5.10) were 
plotted. 
 
Figure 5.9: Dimensional change after one wash 
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Figure 5.10: Dimensional change after 3 washes 
Figures above indicate that 100% cotton group of fabrics have the highest shrinkage 
values and on the other hand 85/15%  cotton–polyester fabrics have the lowest 
shrinkage values. In general, after three consecutive washes dimensional change 
observations are increased in magnitude compared to after one washing with 
showing similar behaviors. Hence, before mentioned change occurred in warp-weft 
density of fabrics seems to be almost independent from dimensional behaviors of 
fabrics and should be related with the change on yarn dimensions. Above figures also 
illustrates that dimensional stability tendencies of the 100% cotton fabrics studied 
differ between yarn count combinations.  
The dimensional change in lengthwise and widthwise direction is increasing with 
increasing amount of cotton in composition and coarser yarns, Ne7, are resulting in 
less dimensional changes in the both direction for the fabrics tested. 
Bivariate correlation analysis explores that dimensional change values in widthwise 
direction is correlated negatively with fabric thickness and warp-weft density values. 
At 95% confidence interval dimensional change in widthwise direction increases 
with decreasing warp-weft density and dimensional change in width increases with 
decreasing fabric thickness at 99% confidence interval. Moreover, dimensional 
change values in lengthwise direction have both positive correlations with fabric 
weight and fabric warp-weft density at 99% confidence interval for the fabrics tested. 
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5.2.2 Results of tensile strength tests 
The tensile strength values of tested rigid and washed fabrics are listed in the table 
below. The fabrics are tested both in lengthwise direction and widthwise direction in 
order to obtain comparable results. 
Table 5.11: Results of tensile strength tests 
Fabric 
Code 
Lengthwise Widthwise 
Tensile 
strength(N)  Extension(%) 
Tensile 
strength(N)  Extension(%) 
1A 1541,42 12,09 411,45 20,65 
1B 1264,95 21,79 478,78 27,61 
2A 1445,09 26,33 1212,44 17,54 
2B 1223,39 29,26 1076,61 25,76 
3A 1473,33 33,15 833,33 19,07 
3B 1255,08 34,49 790,09 20,44 
4A 957,56 29,90 510,03 26,10 
4B 1441,44 31,58 715,64 31,26 
5A 1541,42 29,85 411,45 20,87 
5B 1077,35 22,82 795,12 24,81 
6A 1071,13 27,67 734,39 20,99 
6B 1300,78 28,73 846,35 15,57 
 
 
Figure 5.11: Tensile Strength Values 
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According to bivariate correlation analysis results there is a positive correlation 
between teensile strength values and thickness at 99% confidence interval. Morever, 
results support that, at 95% confidence interval, tensile strength values are decreasing 
after washing treatments. 
5.2.3 Tear strength values 
The tear strength values of tested rigid and washed fabrics are listed in the table 
below. The fabrics are tested both in lengthwise direction and widthwise direction in 
order to obtain comparable results. 
                                       Table 5.12: Tear Strength Values 
Fabric 
Code 
Lengthwise Widthwise 
Tear 
strength-
Peak force 
(N) 
Tear 
strength-
Peak force 
(N) 
1A 39,78 31,15 
1B 21,32 38,45 
2A 55,6 51,79 
2B 75,26 59,16 
3A 45,92 28,64 
3B 49,42 35,45 
4A 65,01 51,03 
4B 70,67 53,88 
5A 65,34 51,46 
5B 62,36 52,47 
6A 77,61 61,54 
6B 101,4 69,31 
 
As seen below  washing causes lower tearing strength values than the initial tearing 
strength values of rigid fabrics. Figure 5.12 has been plotted to observe a 
comparision of rigid and washed denim fabrics visually. Figure 5.12 reveals that 
fabrics of coarser yarns,Ne7 yarns, compared to fabrics of finer yarns, Ne8-Ne10 
yarns have higher tear strength values. Tear strength values of both rigid and washed 
fabrics of 85/15 cotton-polyester are higher than fabrics of 100% cotton fibers.  
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Figure 5.12: Tear Strength Values 
5.2.4 Abrasion resistance test results 
Abrasion tests applied for 50000 revolutions were evaluated in terms of percentage 
weight loss occurred. According to test results listed below in Table 5.13, the most 
abraded fabric group is 85/15% cotton-polyester rigid fabrics. 
Table 5.13: Abrasion Test Results in Terms of Percentage Weight Loss 
Fabric 
Code 
Weight 
Loss(%) 
1A 3,90 
1B 4,13 
2A 5,37 
2B 3,95 
3A 3,69 
3B 3,70 
4A 3,68 
4B 3,25 
5A 4,35 
5B 3,86 
6A 5,74 
6B 2,88 
Laundering process affects the abrasion resistance. Our findings are also parallel to 
the research made by Candan et al. [30] and the abrasion resistance of both undyed 
and dyed fabrics is negatively influenced by the laundering treatment. 
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Figure 5.13: Abrasion Test Results in Terms of Percentage Weight Loss 
As seen above washing causes percentage weight loss values to be lower than the 
initial weight loss values. In order to compare values of rigid and washed fabrics 
visually Figure 5.13 has been plotted. 
The mechanical properties and dimensions of the fibres and yarns are important for 
abrasion resistance. The using of finer fibres in the production of yarns causes 
increment in the number of the fibre in cross section with higher cohesion which 
results better abrasion resistance. So as our findings are also the parallel to the 
research made by Kaloğlu et al. [29] abrasion retention is better for fabrics with finer 
fibres. Also blending either nylon or polyester with wool and cotton is found to 
increase abrasion resistance at the expense of other properties [6].As seen above 
weight loss values of washed fabrics of 100% cotton fibers are higher than washed 
fabrics of 85/15 % cotton-polyester fabrics and 98/2 % cotton-elastane washed 
fabrics. Figure 5.12 reveals that fabrics of coarser yarns, Ne7 yarns, compared to 
fabrics of finer yarns, Ne8-Ne10 yarns, were abraded less. 
According to bivariate correlation analysis results there is a negative correlation 
between abrasion weight loss and thickness at 99% confidence interval. Moreover, 
results support that, at 95% confidence interval, weight loss caused by abrasion 
decreases with increasing warp-weft density for the fabric range tested. 
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6. CONCLUSION 
The object of this study was to investigate comfort properties of denim fabrics of 
cotton, cotton-elastane and cotton-polyester blends besides analyzing their physical 
performance. For this purpose, an experimental study was conducted. The water 
interaction with fabrics which incorporates water vapor permeability, wicking 
abilities, drying behaviours and air permeability of fabrics were examined to see and 
recognize the comfort related abilities of fabrics studied and categorical variables and 
other fabric parameters effective on these properties were tried to be found out. It is 
clear from the results that washing has a positive influence on wicking abilities of 
fabrics studied and wicking abilities in longitudinal direction. The transfer wicking 
ratios and water vapor transmission values are correlated with each other and the test 
results show similar characateristics in behavior. Both wicking abilities increase with 
increasing yarn count values. Morever, water vapor transmission values and transfer 
wicking abilities of fabrics studied increase with blends of fiber composition. 
For further studies about denim fabric comfort it should be stated that thermal and 
moisture behaviours can be investigated together. In the light of water vapor 
transmission test results of this study correlation between water vapor transmission 
rate and wicking behaviours of denim fabrics can be further investigated for different 
fiber compositions and with different washing treatments. The elements of this 
subject can be studied with different finishing treatments and can be compared the 
data of this study to have valuable feedback about denim comfort performance. 
According to above mentioned analysis, it is better to have optimum blend ratio, yarn 
count and warp-weft density which best suits to the specific end use requirements of 
the product type where cotton and cotton-polyester denim fabrics will be used. In the 
view of the results obtained, it can be concluded that, blends of cotton, elastane and 
cotton polyester in denim fabrics should be advised to be used so as to have a fine 
performance of comfort owing to natural feeling of cotton. 
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